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Abstract
There are four types of two-Higgs doublet models under a discrete Z2 symmetry imposed
to avoid tree-level flavour-changing neutral current, i.e. type-I, type-II, type-X and type-
Y models. We investigate the possibility to discriminate the four models in the light
of the flavour physics data, including Bs − B¯s mixing, Bs,d → µ+µ−, B → τν and
B¯ → Xsγ decays, the recent LHC Higgs data, the direct search for charged Higgs at LEP,
and the constraints from perturbative unitarity and vacuum stability. After deriving
the combined constraints on the Yukawa interaction parameters, we have shown that the
correlation between the mass eigenstate rate asymmetry A∆Γ of Bs → µ+µ− and the ratio
R = B(Bs → µ+µ−)exp/B(Bs → µ+µ−)SM could be a sensitive probe to discriminate the
four models with future precise measurements of the observables in the Bs → µ+µ− decay
at LHCb.
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1 Introduction
Although the Standard Model (SM) for particle physics has been successful for over three
decades, it still shows some problems which solutions could imply physics beyond its scope [1–
10]. Recently, the ATLAS [11, 12] and CMS [13, 14] experiments at LHC have discovered a
new neutral boson with properties consistent with those of the SM Higgs boson [15–20]. With
the experimental progress at LHC, it is of great interest to confirm whether this boson is the
only one fundamental scalar just as the SM, or belongs to an extended scalar sector responsible
to the electroweak symmetry breaking (EWSB). The simplest scenario entertaining the latter
possibility is provided by the two-Higgs doublet models (2HDM).
Besides the SM Higgs sector, an additional Higgs doublet is introduced in the 2HDMs.
This class of models can provide new source of CP violation beyond the SM [21], which are
needed to explain the observed cosmic matter-antimatter asymmetry. The 2HDMs could also
be understood as an effective theory for many natural EWSB scenarios, such as the Minimal
Supersymmetric Standard Model (MSSM) [22].
However, unlike the SM, the tree-level flavour-changing neutral current (FCNC) transition
in the 2HDM is not forbidden by the Glashow-Iliopoulos-Maiani (GIM) mechanism. These
FCNCs can cause severe phenomenological difficulties [23–25]. Besides some other solutions
[26–30], this problem can be addressed by imposing a discrete Z2 symmetry [31]. According to
different Z2 charge assignments, there are four types of 2HDMs, referred to, respectively, as the
type-I, type-II, type-X and type-Y 2HDMs [32]. Therefore, phenomenologically distinguishing
between these 2HDMs is an important issue and worthy of detailed investigation [33].
The 2HDMs present very interesting phenomena in both low-energy flavour transitions such
as B → Xsγ decay and Bs−B¯s mixing, and high-energy collider processes such as various Higgs
decay channels. At present, many analyses have been performed [34–50], however, most of them
concentrate on the type-II 2HDM. In this work, we shall extend the previous analyses and
study the possibility to discriminate the four different types of 2HDM in favor of experimental
measurement. To constrain the model parameters, we shall consider the following constraints:
• flavour processes: Bs − B¯s mixing, B¯ → Xsγ, B → τν and Bs,d → µ+µ− decays,
• direct search for Higgs bosons at LEP, Tevatron, and LHC,
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• perturbative unitarity and vacuum stability.
For the Bs → µ+µ− decay, there are several interesting observables very sensitive to new physics
effects as suggested recently by De Bruyn et al. [51]. In this paper, we use these observables to
probe the 2HDMs and find the correlation between the mass eigenstate rate asymmetry A∆Γ
and the ratio R = B(Bs → µ+µ−)exp/B(Bs → µ+µ−)SM, which could be used to discriminate
the four models with future precise measurements of the observables in the Bs → µ+µ− decay
at LHCb.
Our paper is organized as follows: In the next section, we give a brief review on the 2HDM
with the Z2 symmetry. In section 3, the theoretical formalism for the flavour observables are
presented. In section 4, we give our detailed numerical results and discuss the possibility of
discriminating the four types of 2HDM. Our conclusions are given in section 5. The relevant
Wilson coefficients due to the contributions of 2HDMs are presented in the appendices A and B.
2 2HDM under the Z2 symmetry
In the 2HDM, the two Higgs doublets Φ1 and Φ2 can be generally parameterized as
Φi =
 ω+i
1√
2
(vi + hi − izi)
 . (2.1)
For a CP-conserving Higgs potential, the two vacuum expectation values (vevs) v1 and v2 are
real and positive [22]. They satisfy the relations v1 = v cos β and v2 = v sin β with v = 246 GeV.
The physical scalars can be obtained by the rotationsh1
h2
 = R(α)
H
h
 ,
z1
z2
 = R(β)
z
A
 ,
ω+1
ω+2
 = R(β)
ω+
H+
 , (2.2)
where the rotation matrix is given by
R(θ) =
cos θ − sin θ
sin θ cos θ
 . (2.3)
The mixing angles α and β are determined by the parameters of the Higgs potential. The
physical Higgs spectrum consists of five degrees of freedom: two charged scalars H±, two CP-
even neutral scalars h and H, and one CP-odd neutral scalar A.
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Φ1 Φ2 uR dR `R QL, LL
Type-I + − − − − +
Type-II + − − + + +
Type-X + − − − + +
Type-Y + − − + − +
Table 1: Charge assignments of the Z2 symmetry in the four types of 2HDM.
ξuh ξ
d
h ξ
`
h ξ
u
H ξ
d
H ξ
`
H ξ
u
A ξ
d
A ξ
`
A
Type-I cα/sβ +cα/sβ +cα/sβ sα/sβ sα/sβ sα/sβ − cot β + cot β + cot β
Type-II cα/sβ −sα/cβ −sα/cβ sα/sβ cα/cβ cα/cβ − cot β − tan β − tan β
Type-X cα/sβ +cα/sβ −sα/cβ sα/sβ sα/sβ cα/cβ − cot β + cot β − tan β
Type-Y cα/sβ −sα/cβ +cα/sβ sα/sβ cα/cβ sα/sβ − cot β − tan β + cot β
Table 2: Yukawa couplings in the four types of 2HDM.
In the interaction basis, the Yukawa interactions of these Higgs bosons can be written as
−LY = Q¯L(Y d1 Φ1 + Y d2 Φ2)dR + Q¯L(Y u1 Φ˜1 + Y u2 Φ˜2)uR + L¯L(Y `1 Φ1 + Y `2 Φ2)eR + H.c., (2.4)
where Φ˜i = iσ2Φ
∗
i with σ2 the Pauli matrix, QL and LL denote the left-handed quark and
lepton doublets, and uR, dR and eR are the right-handed up-type quark, down-type quark and
lepton singlet, respectively. The Yukawa coupling matrices Y fi (f = u, d, `) are 3× 3 complex
matrices in flavour space.
In order to avoid tree-level FCNC, it is natural to introduce a discrete Z2 symmetry [31].
All the possible nontrivial Z2 charge assignments are listed in table 1, which define the four
well-known types of 2HDM, i.e. type-I, type-II, type-X and type-Y. The Yukawa interactions
in the four models are different. In the mass-eigenstate basis, they can be unified in the form
−LY = +
∑
f=u,d,`
[
mf f¯f +
(mf
v
ξfh f¯fh+
mf
v
ξfH f¯fH − i
mf
v
ξfAf¯γ5fA
)]
+
√
2
v
u¯
(
muV ξ
u
APL + V mdξ
d
APR
)
dH+ +
√
2m`ξ
`
A
v
ν¯L`RH
+ + H.c., (2.5)
where PL,R = (1± γ5)/2 and V denotes the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The
couplings ξfh,H,A in the four types of 2HDM are listed in table 2.
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Figure 1: Box diagrams for the Bs − B¯s mixing in the SM and 2HDM.
3 Theoretical formalism for flavour observables
In this section, we shall recapitulate the basic theoretical formulae for the relevant B-meson
decay and mixing processes and discuss the contributions of the four types of 2HDMs.
3.1 Bs − B¯s mixing
For the Bs − B¯s mixing, the mass difference is defined as
∆mBs = mH −mL, (3.1)
where H and L denote the heavy and light mass eigenstates. This quantity arises from W box
diagrams in the SM and can receive contributions from Higgs box diagrams in 2HDM, as shown
in figure 1. The theoretical prediction can be expressed as [52–54]
∆mBs =
G2F
6pi2
m2W |VtbV ∗ts|2S(xt, xH±)ηˆBsBBs(mb)f 2BsmBs , (3.2)
with the definitions xt ≡ (mt(mt))2/m2W and xH± ≡ m2H±/m2W . The long-distance QCD effects
are contained in the bag factor BBs(mb) and the decay constant fBs [52]. The short-distance
contributions from the SM and 2HDM are encoded in the Inami-Lim function S(xt, xH±), with
its explicit expression given in appendix A, and the QCD correction factor ηˆBs .
3.2 B¯ → Xsγ decay
The effective Hamiltonian for B¯ → Xsγ at the scale µb = O(mb) is given as follows [55–61]
Heff = −GF√
2
V ∗tsVtb
(
6∑
i=1
Ci(µb)Qi + C7γ(µb)Q7γ + C8g(µb)Q8g
)
, (3.3)
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Figure 2: One-loop diagrams contributing to B¯ → Xsγ through the W boson and the charged Higgs
boson exchange in the SM and 2HDM, respectively.
where Q1−6 are the four-fermion operators whose explicit expressions are given in ref. [58]. The
remaining magnetic-penguin operators, which are characteristic for this decay, are defined as
Q7γ =
e
8pi2
mbs¯ασ
µν(1 + γ5)bαFµν , Q8g =
gs
8pi2
mbs¯ασ
µν(1 + γ5)T
a
αβbβG
a
µν , (3.4)
where mb denotes the b-quark mass in the MS scheme, and e (gs) is the electromagnetic (strong)
coupling constant. The Wilson coefficients {Ci} can be calculated perturbatively. In 2HDM,
the photon-penguin diagrams mediated by charged Higgs, as shown in figure 2, result in the
following derivations:
C7γ = C
SM
7γ + C
2HDM
7γ , C8g = C
SM
8g + C
2HDM
8g . (3.5)
In the SM and the four types of 2HDM, analytic expressions for the Wilson coefficients up
to the next-to-leading order (NLO) are given in refs. [59, 60]. The next-to-next-leading order
(NNLO) SM and 2HDM calculation can be found in ref. [62] and ref. [44], respectively.
The branching ratio of B¯ → Xsγ with an energy cut-off E0 can be expressed as
B(B¯ → Xsγ)Eγ≥E0 = B(B¯ → Xceν¯)exp
∣∣∣∣V ∗tsVtbVcb
∣∣∣∣2 6αepiC [P (E0) +N(E0)], (3.6)
with the semi-leptonic factor
C =
∣∣∣∣VubVcb
∣∣∣∣2 Γ(B¯ → Xceν¯)Γ(B¯ → Xueν¯) . (3.7)
The perturbative quantity P (E0), which is expressed in terms of Wilson coefficients, and the
non-perturbative correction N(E0) can be found in ref. [59].
3.3 B → τν decay
The tauonic decay B → τν is described as annihilation processes mediated by W boson in the
SM and the charged Higgs boson in 2HDM, as shown in figure 3. Therefore, this process is very
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Figure 3: Tree-level diagrams contributing to B → τντ in the SM and 2HDM.
sensitive to the charged Higgs boson H± and provides an important constraint on the model
parameters.
Within 2HDM, the decay width of this channel reads [32, 63, 64],
Γ(B → τν) = G
2
F |Vub|2
8pi
f 2BmBm
2
τ
(
1− m
2
τ
m2B
)2(
1− m
2
B
m2H±
ξdAξ
`
A
)2
, (3.8)
where Vub is the CKM matrix element and fB denotes the B-meson decay constant.
3.4 Bs,d → µ+µ− decay
In the SM, the Bq → µ+µ− decays (q = d or s) arise from the W box and Z penguin diagrams
at the quark level [65, 66], as shown in figure 4. The helicity suppression in these decays may be
relaxed by NP contributions, which can significantly enhance their branching ratios. Generally,
the low-energy effective Hamiltonian for Bq → µ+µ− decay can be written as [67]
Heff = GF√
2
αe
2pisW
V ∗tbVtq (CSQS + CPQP + CAQA) , (3.9)
with sW ≡ sin θW . The semi-leptonic operators are defined as
QS = mb(b¯PLq)(µ¯µ), QP = mb(b¯PLq)(µ¯γ5µ), QA = (b¯γ
µPLq)(µ¯γµγ5µ). (3.10)
Among the Wilson coefficients CS,P,A, only CA is non-zero in the SM. Its explicit expressions
up to NLO can be found in refs. [68–70]. Recently, the NLO EW [71] and NNLO QCD [72]
corrections have also been completed [73]. In the 2HDM, CA is not affected, whereas CS,P receive
contributions from both charged and neutral Higgs bosons. At present, only the diagrams shown
in figure 4 have been calculated in the type-II 2HDM with large tan β [67]. Based on these
results, we give the Wilson coefficients CS,P corresponding to these diagrams in all the four
types of 2HDM with arbitrary tan β in appendix B. It is noted that contributions from other
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Figure 4: Dominant SM and 2HDM diagrams for the Bs → µ+µ− decays.
diagrams may be important for some specific values of tan β (large or small) and will become
crucial with future high-precision measurement of Bq → µ+µ− decays.
For Bq → µ+µ− decays, one important observable is the CP averaging branching ratio,
which reads
B(Bq → µ+µ−) = G
2
Fα
2
e
32pi2s4W
m3BqτBqf
2
Bq
8pi
√
1− 4m
2
µ
m2Bq
(
2mµ
mBq
)2 ∣∣VtbV ∗tq∣∣2 |CA|2 (|S|2 + |P |2), (3.11)
with the definitions
P ≡ 1− m
2
Bq
2mµ
C∗P
C∗A
, S ≡
√
1− 4 m
2
µ
m2Bq
m2Bq
2mµ
C∗S
C∗A
. (3.12)
It is noted that the contributions of the CS,P terms do not suffer helicity suppression, but they
are suppressed by the small leptonic Yukawa coupling in the 2HDMs. However, they may be
enhanced by a large tan β (or cot β) factor [65–69].
Recently, a sizable width difference ∆Γs between the Bs mass eigenstates has been measured
at the LHCb [74]
ys ≡ Γ
L
s − ΓHs
ΓLs + Γ
H
s
=
∆Γs
2Γs
= 0.080± 0.010, (3.13)
where Γs denotes the inverse of the Bs mean lifetime τBs . As pointed out in ref. [51], the
measured branching ratio of Bq → µ+µ− should be the time-integrated one, denoted by B(Bq →
µ+µ−). For Bs → µ+µ− decay, in order to compare with the experimental measurement, the
sizable width difference effect should be taken into account in the theoretical prediction, and
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one has
B(Bs → µ+µ−) =
[
1 + A∆Γys
1− y2s
]
B(Bs → µ+µ−), (3.14)
where A∆Γ denotes the mass eigenstate rate asymmetry, which can be expressed as
A∆Γ =
|P |2 cos 2ϕP − |S|2 cos 2ϕS
|P |2 + |S|2 , (3.15)
where ϕP and ϕS denote the phase of the quantity P and S, respectively. In the four types
of 2HDM, ϕP = ϕS = 0. The observable A∆Γ is complementary to the branching ratio of
Bs → µ+µ−, offering independent information on the short-distance structure of this decay. It
can be extracted from the time-dependent untagged decay rate [51, 75]. In the SM, A∆Γ = +1.
In addition, since the finite width difference in the Bd system is negligible, the approximation
B(Bd → µ+µ−) ≈ B(Bd → µ+µ−) works well.
Following ref. [51], it is convenient to introduce the ratio
R ≡ B(Bs → µ
+µ−)
B(Bs → µ+µ−)SM =
1 + ys cos 2ϕP
1− y2s
|P |2 + 1− ys cos 2ϕS
1− y2s
|S|2, (3.16)
where ϕP = ϕS = 0 in the four types of 2HDM.
It is also useful to define the following quantity:
Rsd ≡ B(Bs → µ
+µ−)
B(Bd → µ+µ−)
, (3.17)
in which some uncertainties of input parameters are canceled out. For example, the fBs/fBd in
the above ratio can be directly determined by Lattice QCD and the corresponding theoretical
uncertainty is significantly reduced [76, 77].
4 Numerical analysis and discussions
With the theoretical framework presented in the previous sections, we proceed to present our
numerical results and discussion in this section.
4.1 SM predictions and experimental data
4.1.1 Flavour observables within the SM
Within the SM, our predictions for the flavour observables as well as the corresponding experi-
mental data are collected in table 4. The theoretical uncertainties are obtained by varying the
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Vus 0.22537± 0.00063 [78] s2W 0.23116± 0.00012 [79]
Vub (0.00399± 0.00055)ei(−71.1±5.1)◦ [78] αs(mZ) 0.1184± 0.0007 [79]
Vcb 0.04071± 0.00096 [78] αe(mZ)−1 127.944± 0.014 [79]
Vtd (0.00872± 0.00041)ei(−24.6±2.7)◦ [78] fBs (227.6± 5.0) MeV [80]
Vts (−0.03998± 0.00094)ei(1.19±0.11)◦ [78] fBd (190.6± 4.7) MeV [80]
Vtb 0.999163± 0.000039 [78] fBs/fBd 1.201± 0.017 [80]
ms(mb) (0.085± 0.017) GeV [52] BBs(mb) 0.841± 0.024 [52]
mc(mc) (1.275± 0.025) GeV [79] ηˆB 0.8393± 0.0034 [52]
mb(mb) (4.248± 0.051) GeV [52] B(B¯ → Xceν¯) 0.101± 0.004 [79]
mpolet (173.5± 0.6± 0.8) GeV [79] m1Sb (4.65± 0.03) GeV [79]
Table 3: The relevant input parameters used in the numerical analysis. The meson masses and
lifetimes can be found in ref. [79].
Observable SM prediction Experiment Ref.
∆mBs [10
−11 GeV] 1.100+0.079−0.077 1.164± 0.005 [79]
B(B → τντ ) [10−4] 1.02+0.31−0.27 1.65± 0.34 [79]
B(B¯ → Xsγ) [10−4] 3.16± 0.26 3.43± 0.22 [81]
B(Bd → µ+µ−) [10−10] 1.16+0.13−0.12 3.6+1.6−1.4 [82–84]
B(Bs → µ+µ−) [10−9] 3.76+0.26−0.25 2.9± 0.7 [82–84]
Rsd 32.84
+3.45
−3.81
R 1.08± 0.01 0.86± 0.21 [83, 84]
Table 4: SM predictions and experimental data for the flavour observables. For the inclusive B¯ → Xsγ
decay, the value given here corresponds to a photon energy cut at E0 = 1.6 GeV.
input parameters listed in table 3 within their respective ranges and adding them in quadra-
ture. It is noted that, taking into account the theoretical uncertainties, our SM predictions are
in good agreement with the current data. The only tension appears in the branching ratio of
Bd → µ+µ−, which however has a rather large experimental error. Thus, strong constraints on
the four types of 2HDM and good discrimination between them are excepted.
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4.1.2 Direct search for the Higgs bosons
Direct searches for charged Higgs bosons motivated by 2HDM have been performed at LEP [85],
Tevatron [86, 87] and LHC [88, 89]. However, the obtained limits on the charged-Higgs mass
depend strongly on the assumed Yukawa structure. In type-II 2HDM, the parameter space
with mH± < mt is almost excluded by the ATLAS [88], which, however, can not be readily
translated into constraints on the parameters of other 2HDMs. Without assumptions on the
Yukawa structure, the LEP collaboration established the bound on the charged Higgs boson
mass [85]
mH± ≥ 79.3 GeV,
in which B(H+ → τ+ντ ) + B(H+ → cs¯) = 1 is assumed. In addition, the hadronic Z → bb¯
branching ratio Rb can also set indirect limits on mH± . However, the bounds from Rb are
weaker than that from the Bs − B¯s mixing [56].
Recently, the LHC and Tevatron data collected so far [11–14, 90] confirm the SM Higgs-like
nature [15–20] of the new boson discovered at the LHC, with a spin/parity consistent with the
SM 0+ assignment [91–93]. The observation of its γγ decay mode demonstrates that it is a
boson with J 6= 1, while the JP = 0− and 2+ hypotheses have been already excluded at about
99% CL, by analyzing the distribution of its decay products. The masses measured by ATLAS
and CMS are in good agreement, giving the average value [94]
mh = (125.64± 0.35) GeV.
If the light neutral Higgs boson h in 2HDM is identified as the observed resonance at LHC, the
decoupling limit sin(β − α) = 1 is needed to keep its Yukawa couplings SM-like [48, 95, 96].
4.1.3 Perturbative unitarity and vacuum stability
Besides the experimental constraints mentioned in previous sections, there are theoretical con-
ditions which allow one to restrict the 2HDM parameter space [22, 32, 97, 98]. The vacuum
stability [99] arises from the requirement that the Higgs potential must have a minimum. The
perturbative unitarity [100] is the condition that all the (tree-level) scalar-scalar scattering am-
11
plitudes must respect unitarity. From these conditions, the following bound can be obtained,
|yt|2 ≤ 4pi or tan β ≥ 0.28,
with |yt| ≡ (
√
2mt(m
pole
t ))/(v sin β) [98].
4.2 Procedure in numerical analysis
As shown in section 2, the relevant 2HDM parameters contain two angles, α and β, and four
mass parameters mH± , mh, mH and mA, corresponding to the mass of charged Higgs H
±,
light neutral Higgs h, heavy neutral Higgs H, and CP-odd neutral Higgs A. As discussed in
ref. [95, 96], we choose the light neutral Higgs boson h as the observed resonance at LHC and
take the decoupling limit sin(β − α) = 1. Then the parameter space is reduced to (mH , mA,
mH± , tan β) and we shall restrict these parameters in the following ranges:
mH ∈ [mh, 1000] GeV, mA ∈ [1, 1000] GeV, mH± ∈ [1, 1000] GeV, tan β ∈ [0.1, 100].
In the numerical analysis, we impose the experimental constraints in the following way: each
point in the parameter space corresponds to a theoretical range, constructed from the prediction
for the observable in that point together with the corresponding theoretical uncertainty. If this
range overlaps with the 2σ range of the experimental measurement, this point is regarded as
allowed. In this procedure, to be conservative, the theoretical uncertainty is taken as twice
the one listed in table 4. Since the main theoretical uncertainties arise from hadronic inputs,
common to both the SM and the 2HDM, the relative theoretical uncertainty is assumed constant
over the parameter space.
4.3 Bs − B¯s mixing within 2HDM
The mixing parameter ∆mBs is proportional to the Inami-Lim function S(xt, xH±). In the
leading order (LO) approximation and taking mH± = 500 GeV, we have numerically
S(xt, xH±)
SSM(xt, xH±)
=

1 +
3.5× 10−2
tan4 β
+
0.2
tan2 β
, type-I, X,
1 +
3.5× 10−2
tan4 β
+
0.2
tan2 β
+ 1.6× 10−6 tan2 β, type-II, Y.
From these results, we make the following observations:
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Figure 5: Constraints on the parameter space (tanβ,mH±) of the four types of 2HDM from ∆mBs .
The allowed regions are shown in black.
• For the four different 2HDMs, the dominant effect is proportional to cot β. They always
work constructively with the SM contribution, even when the charged Higgs mass mH±
is not fixed but larger than about 90 GeV.
• Since ∆mBs is only affected by charged Higgs, the contributions from type-I and -X
(type-II and -Y) 2HDMs are the same. The type-I and -X Yukawa couplings of down-
type quarks are different from the type-II and -Y ones. Thus, there is an additional term
proportional to tan β in the latter two 2HDMs, however, suffering from down-type quark
mass suppression.
In figure 5, the constraints on the parameter space (tan β,mH±) from ∆mBs are shown. As
expected, the allowed parameter space in type-I, -X 2HDMs and type-II, -Y 2HDMs are almost
the same, in which the regions with small tan β are excluded. The difference appears in the
region with large tan β. However, the allowed charged Higgs mass in this region is below the
LEP lower limit.
4.4 B¯ → Xsγ decay within 2HDM
The branching ratio of B¯ → Xsγ decay is proportional to |Ceff7γ (µb)|2 in the LO approximation.
In 2HDM, the Wilson coefficient Ceff7γ (µb) reads numerically at mH± = 500 GeV in the LO,
Ceff7γ (µb)
Ceff7γ,SM(µb)
=

1 +
0.02
tan2 β
− 0.18
tan2 β
, type-I, X,
1 +
0.02
tan2 β
+ 0.18, type-II, Y.
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Figure 6: Constraints on the parameter space (tanβ,mH±) of the four types of 2HDM from B(B¯ →
Xsγ). The allowed regions are shown in black.
From these numerical results, we make the following observations:
• In the type-I and -X models, the 2HDM effect is proportional to cot β and destructive
with the SM contribution.
• In the type-II and -Y models, the 2HDM contribution works constructively with the SM
one. Besides the tan β terms, there are also β-independent terms, which dominate the
2HDM contribution for large tan β.
• For the B¯ → Xsγ, unlike the case of Bs − B¯s mixing, the dominant operator Q7γ is a
chirality-flipped operator with the chirality transition bR → sL. Thus the contributions
from down-type quark Yukawa couplings do not suffer mass suppression and dominate
the ones from up-type quark Yukawa couplings.
In figure 6, the constraints on the parameter space (tan β,mH±) from B(B¯ → Xsγ) are shown.
The regions with small tan β are largely excluded in all the four types. However, there is still
one solution in the type-I and -X 2HDMs, where the destructive interference between the SM
and 2HDM contributions makes the coefficient Ceff7γ sign-flipped. For the type-II and -Y 2HDMs,
the charged Higgs mass is strongly bounded,
mH± ≥ 259 GeV,
which mainly arises from the β-independent terms. This lower limit is stronger than the LEP
bound.
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Figure 7: Constraints on the parameter space (tanβ,mH±) of the four types of 2HDM from B(B →
τν). The allowed regions are shown in black.
4.5 B → τν decay within 2HDM
For B → τν decay, the numerical expressions of the branching ratio read,
B(B → τν)
B(B → τν)SM =

(1− 27.9
m2H± tan
2 β
)2 = (1− 1.1× 10
−4
tan2 β
)2, type-I,
(1− 27.9 tan
2 β
m2H±
)2 = (1− 1.1× 10−4tan2 β)2, type-II,
(1 +
27.9
m2H±
)2 = (1 + 1.1× 10−4)2, type-X, Y,
in which the second equality in each line holds for mH± = 500 GeV. Here, the 2HDM effects
arise from tree-level charged Higgs with leptonic couplings, which make the following features:
• In all the four types, the 2HDM effects are largely suppressed by the charged Higgs mass.
• In the type-II (-I) model, the 2HDM effect is constructive with the SM one and propor-
tional to tan β (cot β). The large (small) tan β can compensate the mass suppression.
• In the type-X and -Y model, the 2HDM contribution is β-independent and proportional
to 1/mH± . Thus, small mH± is expected to be strongly bounded.
The constraints on the parameter space (tan β,mH±) from B(B → τν) are shown in fig-
ure 71. As expected, in the type-I (II) 2HDM, excluded regions mainly arise from the parameter
space with small (large) tan β. There also exists one solution (narrow band in figure 7), where
the sign of the SM contribution is flipped by the 2HDMs. For the type-X and -Y 2HDMs, a
β-independent bound on the charged Higgs mass is obtained, mH± ≥ 5 GeV. However, this
lower limit is much weaker than the LEP bound.
1The bounds derived in this paper are weaker than the ones in the literature, for example in ref. [40], since
a conservative procedure is used in the numerical analysis, which is explained in detail in sec. 4.2.
15
0 50 100 150 200
mH±@GeVD
0.5
1.0
1.5
2.0
2.5
B
HB®
ΤΝ
ΤL@1
0-
4 D LEP bound
SM
data
Type-X,Y
Figure 8: The type-X and -Y 2HDM predictions on B(B → τν) with the theoretical uncertainty (dark
shaded band) versus the experimental measurement (light shaded band).
10-1 100 101 102
tanΒ
100
101
102
103
m
H
±
@G
eV
D
Bs®Μ+Μ-
Type-I
10-1 100 101 102
tanΒ
100
101
102
103
m
H
±
@G
eV
D
Bs®Μ+Μ-
Type-II
10-1 100 101 102
tanΒ
100
101
102
103
m
H
±
@G
eV
D
Bd®Μ+Μ-
Type-II
Figure 9: Constraints on the parameter space of the four types of 2HDM from B(Bs,d → µ+µ−),
plotted in the tanβ −mH± plane. The allowed regions are shown in black.
Since B(B → τν) is independent of tan β in type-X and type-Y, we also present its theoret-
ical prediction as a function of mH± in figure 8, which may be helpful for understanding these
two models with reduced experimental and theoretical uncertainties in the future.
4.6 Bs,d → µ+µ− decays within 2HDM
For Bs → µ+µ− decay, taking mH± = mH = mA = 500 GeV, we get numerically
B(Bs → µ+µ−)
B(Bs → µ+µ−)SM
=

1− 5.5× 10
−5
tan2 β
+
2.5× 10−4
tan4 β
+
4.1× 10−7
tan6 β
+
2.9× 10−8
tan8 β
, type-I,
1 + 3.4× 10−6 − 3.0× 10−4tan2 β + 4.3× 10−8tan4 β, type-II,
1 + 5.5× 10−5 − 2.5× 10
−4
tan2 β
+
3.0× 10−6
tan4 β
, type-X,
1 + 3.1× 10−4, type-Y.
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Figure 10: Combined constraints on the parameter space of the four types of 2HDM, plotted in the
tanβ − mH± plane. The horizontal dashed line denotes the direct bound on mH± from the LEP
experiment. The vertical dashed line denotes the bound on tanβ from perturbative unitarity and
vacuum stability.
Here, both the charged and the neutral Higgs bosons are involved, which results in the following
features:
• In all the four types, the 2HDM effects are strongly suppressed by the large mass of CP-
even Higgs mH and small leptonic Yukawa coupling, and could be enhanced by the small
mass of CP-odd Higgs mA.
• In the type-II (-I and -X) models, the suppressed 2HDM contributions can be compensated
by large tan β (cot β).
• In the type-Y model, the 2HDM effect is β-independent. However, due to the large
suppression, it can not provide strong bound on the masses of the Higgs bosons.
Under the constraints from B(Bs → µ+µ−) and B(Bd → µ+µ−), the allowed parameter
space (mH ,mA,mH± , tan β) of the four types of 2HDM are obtained, which are plotted in the
tan β −mH± plane in figure 9. Due to the large error bars, the current experimental data put
almost no constraint on the model parameters, except for the small excluded regions in the
type-I and -II 2HDMs.
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of 2HDM.
4.7 Combined analysis and discrimination between the four 2HDMs
Combining all the constraints mentioned in the previous sections, we obtain the surviving
parameter space as shown in figure 10. From this plot, the following observations are made:
• For small tan β, the most stringent constraints come from ∆mBs and B(B¯ → Xsγ) in all
the four types of 2HDM.
• For large tan β, the flavour observables put almost no constraints in the type-I and -X
models. The LEP bound on mH± is still the most strongest. For type-II and -Y models,
the constraints mainly come from B(B¯ → Xsγ). The Bs,d → µ+µ− decays exclude one
additional parameter space of the type-II 2HDM.
• When mH± become large, the combined constraints from flavour observables are almost
the same for all the four 2HDMs.
• The allowed region of the type-II model is contained in the one of the type-Y model,
which stay in the survived parameter space of the type-I and -X 2HDMs. Therefore, the
type-II model can be distinguished from the other 2HDMs in the green region in figure 10,
and the type-II and -Y models from the other 2HDMs in the black region.
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4.8 Other observables in Bs,d → µ+µ− within 2HDM
At present, only the branching ratio of Bs,d → µ+µ− have been measured. For the observables
A∆Γ and R defined in eq. (3.15) and (3.16), we show in figure 11(a) the correlations between
them within the four types of 2HDM, which are obtained in the parameter space given in
section 4.7. The 2HDM predictions on Rsd defined in eq. (3.17) are also shown in figure 11(b).
From these plots, we make the following observations:
• For the type-II 2HDM, large derivations from the SM predictions for both A∆Γ and R
are allowed, since both the Wilson coefficients CS and CP can be significantly enhanced
by large tan β. It is also noted that the observable R always decreases.
• For the type-I and -X 2HDMs, only large regions for R are allowed. The reason is that
the coefficient CS can not be enhanced by small tan β, which has been excluded by the
combined constraints discussed in section 4.7.
• For the type-Y 2HDM, as expected, its effects on both A∆Γ and R are small.
• The observables A∆Γ and R show the potential to discriminate the four types of 2HDM.
For the type-I, -II and -X models, there always exists an allowed region for only one of
them in the R − A∆Γ plane. Interestingly, the allowed region of the type-Y is located in
the intersection of the regions of the other 2HDMs. With refined measurement of A∆Γ
and R, one could distinguish one type 2HDM from others, or exclude all the four types.
• At present, due to large uncertainties, the observable Rsd can not provide further infor-
mation to distinguish between the four 2HDMs. It is also noted that Rsd always decreases
in the type-II 2HDM.
It is concluded that the observables A∆Γ, R and Rsd in Bs,d → µ+µ− decays show high
sensitivity to the Yukawa structure of the 2HDMs. Improved experimental measurements and
theoretical predictions will make these observables more powerful to distinguish between the
four types of 2HDM.
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5 Conclusions
In this paper, we have studied the possibility to discriminate the four types of 2HDM in the
light of recent flavour physics data, including the Bs− B¯s mixing, the leptonic B-meson decays
Bs,d → µ+µ− and B → τν, and the inclusive radiative decay B¯ → Xsγ, together with the
experimental data from the direct search for Higgs bosons at LEP, Tevatron and LHC [11–
14, 85, 90] and the constraints from perturbative unitarity [100] and vacuum stability [99]. The
outcomes of this combined analysis are summarized as follows:
• The flavour observables exhibit different dependence on the Yukawa couplings in the four
types of 2HDMs. With the current experimental data, the allowed region of the type-II
model is contained in the one of the type-Y model, which stay in the survived parameter
space of the type-I and -X 2HDMs.
• The observables A∆Γ and R in the Bs → µ+µ− decay, which arise from the sizable Bs
width difference, are investigated. The correlation between these two observables is found
to be sensitive probe to the Yukawa structure of 2HDM.
With the experimental progress expected from the LHC and the future SuperKEKB, as well
as the theoretical improvements, the constraints shown here are expected to be refined, which
are helpful to discriminate the Yukawa structure if an extended Higgs sector is discovered in
the future.
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A The Inami-Lim function S(xt, xH±)
Within the four types of 2HDM discussed in section 2, the Inami-Lim function appearing in
Bs − B¯s mixing is given as [54]
S(xt, xH±) = SWW (xt) + 2SWH(xt, xH±) + SHH(xt, xH±), (A.1)
where the basic functions SWW and SWH,HH correspond to the W box and the Higgs box
diagrams shown in figure 1, respectively. For convenience, their explicit expressions are given
here:
SWW (xt)
= +
[
1− 11xt
4
+
x2t
4
− 3x
2
t lnxt
2(1− xt)
]
xt
(1− xt)2 , (A.2)
2SWH(xt, xH±)
= +
[
x2txH±(xH± − 4)
2(1− xH±)(xt − xH±)2 ln
xt
xH±
+
3x2t lnxt
2(1− xt)2(1− xH±)
− x
2
t (4− xt)
2(xH± − xt)(1− xt)
]
(ξuA)
2
+
[
x2t
(xH± − xt)2 ln
xH±
xt
+
xt
(xt − xH±)
]
×
(
1
12
− m
2
Bs
2m˜2Bs
)
3
√
xbxs(ξ
d
A)
2, (A.3)
4SHH(xt, xH±)
= +
[
xH± + xt
(xt − xH±)2 +
2xtxH±
(xH± − xt)3 ln
xt
xH±
]
x2t (ξ
u
A)
4
+
[
x2t + xtxH±
(xH± − xt)2xH± +
2x2t
(xH± − xt)3 ln
xt
xH±
]
xbxs(ξ
d
A)
4
+
[
2
(xH± − xt)2 +
xt + xH±
(xH± − xt)3 ln
xt
xH±
](
−3
2
+
m2Bs
m˜2Bs
)
x2t
√
xbxs(ξ
u
Aξ
d
A)
2
+
[
2
(xH± − xt)2 +
xt + xH±
(xH± − xt)3
] [
(xb + xs)
5m2Bs
2m˜2Bs
+
√
xbxs
(
1− 6m
2
Bs
m˜2Bs
)]
x2t (ξ
u
Aξ
d
A)
2, (A.4)
with m˜2Bs ≡ (mb(mb) +ms(mb))2 and xq ≡ (mq(mb))2/m2W for q = s, b.
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B The Wilson coefficients CS and CP
Within the four types of 2HDM discussed in section 2, the Wilson coefficients CS and CP
appearing in the effective Hamiltonian of Bs,d → µ+µ− are given as [67]
CS = C
box
S + C
peng
S + C
self
S ,
CP = C
box
P + C
peng
P + C
self
P , (B.1)
where the functions CboxS,P , C
peng
S,P and C
self
S,P correspond to the box, penguin and self-energy
diagrams associated with Higgs bosons in figure 4. Based on the results in ref. [67], their
explicit expressions are given here:
CboxS,P =
mµ
2
ξ`Aξ
d
A
m2W
B+(xH± , xt),
CpengS =
mµ
2
[
cos(α− β)ξ`hξdA
m2h
(1− xH± + xh)− sin(β − α)ξ
`
Hξ
d
A
m2H
(1− xH± + xH)
]
P+(xH± , xt)
CpengP =
mµ
2
ξ`Aξ
d
A
m2A
(1− xH± + xA)P+(xH± , xt),
CselfS =
mµ
2
ξuAξ
d
A
(
ξ`Hξ
d
H
m2H
+
ξ`hξ
d
h
m2h
)
(xH± − 1)P+(xH± , xt),
CselfP =
mµ
2
ξuAξ
d
A
(
ξ`Aξ
d
A
m2A
)
(xH± − 1)P+(xH± , xt), (B.2)
with the functions
B+(x, y) =
y
x− y
(
ln y
y − 1 −
lnx
x− 1
)
,
P+(x, y) =
y
x− y
(
x lnx
x− 1 −
y ln y
y − 1
)
. (B.3)
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